Introduction {#S0001}
============

Prosthesis implantation is an effective approach for the treatment of orthopedic diseases, such as bone defects. As the human lifespan increases and quality of life improves, the demand for prosthesis is also increasing.[@CIT0001],[@CIT0002] Titanium and its alloys are the most commonly used implant materials owing to their favorable physical profiles and biocompatibility. Unfortunately, they are biologically inert and cannot resist infection.[@CIT0003],[@CIT0004] Prosthetic-associated infection is one of the main causes of implant failure. Numerous factors, such as improper surgery, long operation time during surgery, and post-surgery contamination from adjacent tissues and hematogenous sources, may lead to infection.[@CIT0005] During infection, bacteria secrete a protective biofilm, which can accumulate various bacteria from blood or other sources, and protect bacteria from both the immune system and antibacterial agents. In this case, the required bactericidal ability is 1000-fold higher than normal, greatly increasing antibacterial difficulty.[@CIT0006]--[@CIT0008] Currently, the clinical treatments for postoperative prosthesis infection are surgery and administration of antibiotics.[@CIT0009] Surgeries such as one- or two-stage exchange are expensive and cast secondary damage to the patient.[@CIT0009] Also, most of the drugs delivered through conventional methods are decomposed by the metabolism, and the remaining drug is distributed systemically. This results in low drug concentration at the infection sites, which cannot effectively kill bacteria with biofilm. However, increasing the drug concentration by augmenting the total intake quantity leads to drug overdose and cytotoxicity.[@CIT0010] Therefore, the development of an antibacterial implant with properties that impair bacteria adhesion, deliver antibacterial agents, and reduce the risk of drug overdose is essential to fight postoperative orthopedic infection.

Based on titanium, the most commonly used prosthetic material for orthopedics, there are two major surface treatments for preventing postoperative prosthesis infection, namely surface modifications and coatings.[@CIT0011] Titanium dioxide nanotubes (TNTs) are nanostructures produced by surface modification. They are highly ordered nanotubes fabricated on titanium sheets with physical and chemical properties. They are easy to fabricate and the designated dimension may be obtained by varying reaction parameters. In addition, TNTs exhibit good biocompatibility and studies have shown that they can enhance the adhesion and proliferation of osteoblasts but to kill bacteria. Furthermore, although toxicity derived from the debris generated by corrosion is a common problem of titanium-based materials, the use of thick titanium dioxide (TiO~2~) layers renders TNTs less toxic.[@CIT0012] In vivo, experiments have not found inflammation and fibrous vesicles around TNTs, proving that they do not cause a strong immune response.[@CIT0003],[@CIT0013] TNTs may also serve as drug-loading platforms for multiple biofunctions, such as osteogenesis and antibacterial ability. Notably, the toxicity caused by the loading of the reagent is determined by the reagent itself and its local concentration. Therefore, controlling the release of reagents is necessary.[@CIT0012],[@CIT0014],[@CIT0015] These advantages render TNTs a great candidate for use in commercialized orthopedic implants with good antibacterial properties. Figure 1Mechanisms of antibacterial application of TNTs in orthopedic implants.**Notes:** (**A**) Charge repulsion antibacterial property. (**B**) Stretching force antibacterial property. (**C**) Hydrophilicity prohibits bacterial adhesion. (**D**) Controlling drug release and loading quantity via regulation of the dimensions. (**E**) Controlling drug release via the application of coatings. (**F**) Controlling drug release and loading quantity via the use of drug-mixing coatings. (**G**) Distribution of NP and ion release ability of a TNT modified by polydopamine-assisted reduction. (**H**) Distribution of NP and ion release ability of a TNT modified by magnetron sputtering. (**I**) Distribution of NP and ion release ability of a TNT modified by ion implantation. (**J**) The pH-triggered self-response system. (**K**) The temperature-triggered self-response system. (**L**) The enzyme-triggered self-response system.**Abbreviations:** NP, nanoparticles; TNT, titanium dioxide nanotube.

The antibacterial properties of nanostructures have been reported in recent years.[@CIT0016]--[@CIT0018] However, there is no specific review summarizing the antibacterial properties of TNT nanostructures. Several reviews have discussed TNTs as drug-loading platforms for various applications.[@CIT0010],[@CIT0019] Regrettably, several methods mentioned in these reviews are not suitable for the treatment of infection, and the antibacterial application of TNTs is not limited to the loading of drugs. Although TNTs can kill bacteria via the production of reactive oxygen species through photocatalysis,[@CIT0020],[@CIT0021] this light-dependent antibacterial ability is limited in orthopedic implants.

Therefore, in this review, the mechanism, development, and shortcomings of TNT anodizing fabrication are discussed. The antibacterial ability of TNT nanotopography is explored, and a hypothesis regarding the relationship between the diameter of the TNTs and antibacterial ability is proposed. Also, for the antibacterial properties of TNTs loaded with antibacterial agents, different agents (antibiotics, antimicrobial peptides), as well as strategies for controlling drug release and reducing toxicity (tubular structure variation, coating, and doping methods) are discussed. Furthermore, modifications that automatically offer antibacterial properties during infection while preserving more antibacterial agents in non-infection periods are introduced. This review underlines the fabrication shortcomings that limit the antibacterial research of TNT nanotopology. The antibacterial mechanisms ([Figure 1](#F0001){ref-type="fig"}) and the latest advances are summarized to provide novel insights into the development of TNTs in the orthopedic antibacterial domain.

Fabrication process and development of TNTs by anodization {#S0002}
==========================================================

Current methods for the production of TNTs are sol-gel synthesis, template-assisted synthesis, hydrothermal synthesis, and electrical anodization.[@CIT0022] As the most currently used method, electrical anodization is a simple and economical approach to the fabrication of TNTs on Ti sheets. Besides, the desired dimensions can be achieved by manipulating electrolyte components, the pH value, voltage, temperature, and reaction time.[@CIT0015],[@CIT0023] In this section, the development and fabrication process of TNTs by anodization are discussed.

Anodization process of TNTs {#S0003}
===========================

Anodization usually takes place in an electrochemical cell ([Figure 2](#F0002){ref-type="fig"}). The system is powered by a direct current power supply. The anode is the titanium sheet to be anodized, and the inert metal (eg, platinum) is usually the cathode. Both of the electrodes are immersed in the electrolyte, which usually contains fluoride ions. The essence of TNT fabrication is the competition and equilibrium between electrochemical oxidization and chemical dissolution.[@CIT0024] According to the current-time curve, the reaction process can be divided into three stages, namely the initial decrease (oxidization dominance), the subsequent increase (chemical dissolution dominance), and the final steady stage (equilibrium between chemical dissolution and oxidization). Figure 2Anodization process of TNTs.[@CIT0024]**Note:** (**A**) Schematic diagram of the anodizing apparatus. (**B**) Formation of compact or nanoporous (nanotube) titanium dioxide layers depending on anodizing parameters. (**C**) Schematic representation of Ti anodization (c1) without fluorides and (c2) with fluorides. (**D**) Characteristic current transients during anodization with or without fluorides in the electrolyte and variation of TNT morphology in the three reaction stages. (**E**) Equilibrium growth situation with equal rates of titanium dioxide dissolution (v1) and formation (v2). Reprinted from *Curr Opin Solid St M*, 11(1-2), Macak JM, Tsuchiya H, Ghicov A, et al, TiO~2~ nanotubes: Self-organized electrochemical formation, properties and applications, 3-18, Copyright (2007) with permission from Elsevier.**Abbreviation:** TNT, titanium dioxide nanotube.

In the first stage, the titanium surface does not have a non-conductive oxide layer (barrier layer), and the oxidizing reaction is dominant over chemical dissolution. During this process, the metal surface is chemically dissolved by the electrolyte and releases Ti^4+^, which simultaneously reacts with O^2-^ produced in the electrolyte to form a thin, compact, non-conductive layer of TiO~2~ on the metal surface. According to reactions (1) and (2)[@CIT0023],[@CIT0024] $$\documentclass[12pt]{minimal}
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At the same time, the cathode produces hydrogen, according to (3)[@CIT0023],[@CIT0024] $$\documentclass[12pt]{minimal}
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However, the formation of a compact TiO~2~ layer is a self-limiting process. As the oxidization continues, the oxide layer on the metal surface gradually thickens, hampering the ability of the current to pass through. Therefore, it is difficult for O^2-^ to migrate to the oxide/metal interface, and growth of the oxide layer is arrested.

In the second stage, chemical dissolution is in dominance. Owing to different crystal forms and impurities, the local electric field density is uneven on the initial oxide layer, and sites with higher electric field accumulate more fluoride ions. This accumulation assists the chemical dissolution of TiO~2~, forming small pits on the oxide layer. According to reactions (4) and (5)[@CIT0023],[@CIT0024] $$\documentclass[12pt]{minimal}
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Since the bottom barrier layer of the pit becomes relatively thinner, the electric field density increases and accumulates more F^−^. This accumulation further accelerates the dissolution rate of TiO~2~, and the small pits gradually grow into small pores. The formation of gaps between walls also proceeds in this stage and determines the tubular versus the porous structure of TNTs. Regions between the small pores are unoxidized conductive Ti covered by a thick non-conductive oxide layer. As the pores grow, these regions protrude and, due to the conductive Ti underneath, the electric field density is extremely increased. This effect accelerates chemical dissolution even in the presence of a thick barrier layer. Since the barrier layers close to pores are thicker compared with those in the relatively distant regions, the dissolution rate is higher at the distant sites. The pores and the gaps grow simultaneously along the ion migration direction perpendicular to the substrate, eventually forming TNT structures.

In the final stage, with the consumption of F^−^ and the production of \[TiF~6~\]^2-^, the concentration of F^−^ in the electrolyte is dynamically balanced. This leads to a similar rate of TiO~2~ dissolution on the top and bottom of the pores. As the anodization proceeds in this stage, the TNT length and the barrier layer no longer increase; however, they continue to stretch vertically toward the substrate.

Development of TNT anodization {#S0004}
==============================

The development of TNT anodization is summarized into four generations based on the development of electrolytes. Electrolyte parameters like F^−^ concentration, pH value, and solvent attribute (aqueous or organic, determine the dimensions of the TNTs.[@CIT0025] In 2001, Gong et al[@CIT0026] successfully fabricated well-aligned TNTs by anodization for the first time. The electrolyte they used was an aqueous solution containing 0.5--3.0 wt % hydrofluoric acid (HF). The use of an aqueous solution containing HF as the electrolyte is considered to be the first generation. Owing to the high chemical dissolution rate of TNTs in HF, the TNT length in the first generation can only reach to 500 nm.[@CIT0027] In order to create longer TNTs, the second generation chose to adjust the electrolyte pH to neutral, which benefits TNT growth.[@CIT0028],[@CIT0029] HF is also replaced by different fluoride-containing salts, such as sodium fluoride. These improvements significantly lower the chemical dissolution rate and the length of TNTs can reach to several microns.[@CIT0030] The third generation uses a fluorine-containing anhydrous polar organic solvent as electrolyte, and the TNT length can reach to 1000 µm. Moreover, Macak et al[@CIT0031] claimed that the thickness variation phenomenon observed in TNT side walls during the anterior generation methods could be eliminated by using fluoride-containing glycerol as electrolyte. The fourth generation refers to non-fluorinate electrolyte anodization.[@CIT0032],[@CIT0033] F^−^ remains on the TNTs due to the fluoride-containing electrolyte, and the impact of F^−^ during infection is ambiguous.[@CIT0006],[@CIT0034],[@CIT0035] This unstable factor (residual F^−^) can be eliminated via the fourth generation anodization.

In the future, with the development of anodization, TNTs will possess larger dimensions, nanostructures that are more controllable, chemical composition that is more precise, and broader application prospects.

Potential antibacterial applications for orthopedic implants {#S0005}
============================================================

Antibacterial ability of bare TNTs {#S0005-S2001}
----------------------------------

Immunity is poor around the implant due to insufficient blood supply. Once immunity is reduced, the prosthesis is prone to infection.[@CIT0036],[@CIT0037] The nanostructures provide TNTs with long-term contact antibacterial ability. Studies have shown that the amount of adhered bacteria on TNTs was lower than that measured in the titanium control group in vitro and in vivo.[@CIT0038],[@CIT0039] Therefore, TNTs possess potential for long-term antibacterial application. Figure 3Impacts of diameters on the TNT antibacterial ability.[@CIT0051]**Note:** (**A**) FE-SEM images of TNTs with different diameters (a1) 30 nm, (a2) 50 nm, (a3) 60 nm, (a4) 80 nm, (a5) 100 nm, and (a6) titanium sheet. (**B**) Water contact angles of titanium sheets and TNTs with different diameters. (**C**) Bacterial concentrations of different samples after 48 hrs of culture; the bacterial solution with metronidazole concentrations of 10 mg/L^−1^ (c1) or 15 mg mg/L^−1^ (c2). Reproduced from Shi XG, Xu QA, Tian A, et al, Antibacterial activities of TiO~2~ nanotubes on porphyromonas gingivalis. *RSC Adv*. 2015;5(43):34237-34242, with permission of The Royal Society of Chemistry, http://dx.doi.org/10.1039/c5ra00804b.**Abbreviations:** TNTs, titanium dioxide nanotubes; FE-SEM, field emission scanning electron microscopy.

The antibacterial mechanisms are complex, including charge repulsion, membrane stretching, and surface roughness variation. Charge repulsion between TNTs and bacteria prevents the initial adhesion. Numerous bacteria possess negative charges on their surface. For example, the main components of the cell wall of *Staphylococcus aureus* (*S. aureus*) are teichoic and lipoteichoic acid, leading to a negatively charged surface.[@CIT0040] The terminal hydroxyl groups on the TNT surfaces also impart negative charges. The presence of the same charge between bacteria and TNTs causes repulsive forces and reduces bacterial adhesion.[@CIT0041] Stretching forces produced by TNT nanostructures accelerate bacterial death. Bacteria maintain their own shapes via a difference in osmotic pressure between the inner and outer subshells.[@CIT0042] When the bacteria come into contact with TNTs, the protruding tube walls will increase the surface pressure of bacteria and part of the membranes will suspend over the gaps. As the bacteria are continuously adsorbed onto the TNTs, the surface area of the bacteria is enlarged, and the suspended membrane stretches further, eventually leading to bacterial rupture and death.[@CIT0043] Surface roughness plays a major role in the antibacterial ability of TNTs. First, it may affect surface wettability. Hydrophobic surfaces tend to adhere to other hydrophobic ones because the hydrophilic structure tends to adsorb a water film, which must be removed prior to the adhesion of hydrophobic bacteria.[@CIT0044] The high roughness of TNTs greatly increases the hydrophilicity of the surface and hinders the adhesion of hydrophobic bacteria. Second, the effects of roughness in the nanoscale or microscale on the antibacterial properties are completely different. Bacterial adhesion decreases with an increasing surface roughness in the nanoscale (10--100 nm).[@CIT0045]--[@CIT0047] However, when the surface roughness enters or approaches the micron level, the bacterial adhesion increases in parallel with the roughness. This may be explained by the attach point theory. The theory states that, for organisms smaller than the surface microtexture, increasing roughness results in more attachment points and micro-scale refuge shelters, which will protect adherent organisms from hydrodynamic shear forces.[@CIT0040],[@CIT0048]

These antibacterial mechanisms, such as membrane stretching and surface roughness, are closely related to the dimensions of TNTs. A change in the dimension parameters will lead to a complex resultant force that determines the antibacterial ability of TNTs. The diameter is an important dimension parameter. As the diameter increases, surface roughness and hydrophilicity also increase. However, thus far, a consensus cannot be reached regarding the relationship between the diameter of a TNT and its antibacterial ability. Several studies have shown that an increasing diameter is associated with stronger antibacterial ability. Peng et al[@CIT0006] claimed that TNTs with a diameter of 80 nm exhibited better bactericidal ability than TNTs with a diameter of 30 nm. Simi and Rajendran[@CIT0046] produced TNTs with various diameters by controlling the contents of the electrolyte. They concluded that increasing TNT diameters lead to increasing hydrophilicity, thus enhancing the antibacterial ability. However, some studies yielded contradictory results. Radtke et al[@CIT0049] reported that TNTs prepared at 5 V with smaller diameters exerted a stronger antibacterial effect than other TNTs. Lewandowska et al[@CIT0050] claimed that the 20--30 nm TNT prepared at 4 V demonstrated stronger antibacterial ability against various strains of *S. aureus* than other TNTs with larger diameters. These discrepancies are attributed to the inability to precisely control variables during the experiments. Apart from the diameter, factors such as length, wall thickness, gaps between walls and crystal forms also influence the morphology of TNTs. Considering the limitations of the TNT fabrication methods, precisely controlling other variables to determine the impact of one parameter on the antibacterial property of TNTs is not possible. Therefore, although studies investigating the association between TNT diameters and antibacterial properties have been performed, they obtained varying results.

According to this evidence, this review presents a hypothesis that, assuming other parameters remain unchanged, the antibacterial ability of TNTs initially increases and subsequently decreases with the increase in TNT diameter. In the beginning, the nanoscale roughness and hydrophilicity increase in parallel with the increasing diameter, thus continuously strengthening the antibacterial ability of TNTs. However, when the diameter reaches a certain threshold, the roughness starts to approach the micron level and more attachment points appear. At the same time, although the hydrophilicity continues to increase, the effect on enhancing the antibacterial ability of an already hydrophilic surface is limited. Therefore, further increase in the diameter will reduce the antibacterial ability. Based on this theory, it may be observed that, in the continuous process of increasing TNT diameters, there is an optimum dimension to maximize the antibacterial property. Shi et al[@CIT0051] used broth with or without drug to culture bacteria on TNTs with increasing diameters from 30 to 100 nm. The bacterial concentration showed an initial decrease, followed by an increase. TNTs with a diameter of 60 nm demonstrated the lowest bacterial concentration ([Figure 3](#F0003){ref-type="fig"}). Further research studies and more advanced fabrication methods are required to achieve the optimal antibacterial dimension.

Although the relationship between morphology and antibacterial ability is not clear, it is undeniable that bare TNTs possess antibacterial ability, and this antibacterial agent independent antibacterial ability is important for the long-term prevention of infection.

Delivery platform for antibiotics and antibacterial peptides {#S0005-S2002}
------------------------------------------------------------

The structure of TNTs has an opening mouth and a closed bottom. The open tubes provide adequate space to store antibiotics and antimicrobial peptides, rendering TNTs good drug delivery platforms to fight infection. Drugs that can be delivered by TNTs are antibiotics and antibacterial peptides. Antibiotics are the most commonly used drugs for the prevention and treatment of infections. Studies showed that TNTs with antibiotics, such as gentamicin and vancomycin, demonstrated strong bactericidal ability on various bacteria.[@CIT0038],[@CIT0052]--[@CIT0055] The antibacterial mechanisms of antibiotics are various. Specifically, they can inhibit the synthesis of cell walls and proteins, damage DNA replication, and interfere with intermediary metabolism.[@CIT0056] However, the application of antibiotics may trigger allergic reactions, and produce drug-resistant bacteria, making it more difficult to prevent infection.[@CIT0057] Compared with antibiotics, antimicrobial peptides exhibit better immunocompatibility, less toxicity, and a lower risk of developing drug resistance. In addition, they can effectively kill intracellular bacteria and reduce the risk of chronic infection.[@CIT0057] Li et al[@CIT0058] combined GL13K with TNTs and found that the composite TNTs exerted a strong antibacterial effect while exhibiting better biocompatibility than metronidazole-loaded TNTs.

The currently loading methods are physical adsorption and lyophilization, both of which can achieve a drug-loading efficiency \>80%.[@CIT0005],[@CIT0059],[@CIT0060] The process of drug release is divided into two stages. The first stage is the initial release, also termed burst release. In this stage, lasting several minutes to hours, the drug-loading platform releases a large amount of drug in a short period of time, and the released drug accounts for \>60% of the total amount. The second stage is the sustained release, in which the drug is released at a continuous slow rate until the TNTs are empty. This stage can last from hours to days. The burst release is due to the initial diffusion of drug molecules under a concentration gradient from high to low, TNTs to the surrounding environment. In addition, the weak binding between drug molecules and the TNT walls also contributes to this process.[@CIT0039],[@CIT0061],[@CIT0062] Burst release can kill most bacteria in a short time; however, it may also lead to concentration-induced toxicity and may exhaust loaded drug to damage the long-term antibacterial ability. Although the TNTs are rinsed after the loading step to remove the unloaded drug to hinder the burst release, massive amounts of loaded drugs continue to be released from the TNTs in a short time. Therefore, increasing the drug loading, controlling the release rate, and prolonging the release time are research priorities. This section summarizes the modifications on drug-loading TNTs for prolonging the release time, controlling the release rate, and reducing cytotoxicity. Figure 4Impacts of TNTs with periodic structures on drug release.[@CIT0067]**Note:** (**A**) Schematic diagram of fabricating drug-loaded p-TNT. (**B**) SEM images of TNTs and p-TNTs, (b1) the top surface with opening pores, (b2) the cross section of the TNT layer, (b3) the cross section of TNTs, (b4) the cross section of p-TNTs, (b5) the high-resolution image of p-TNTs indicating a reduction of internal pore dimensions. (**C**) In-vitro drug-release graphs comparing the release from conventional flat TNTs and p-TNTs, (c1) initial burst release in 6 hrs, (c2) total drug release until the entire amount of the drug is exhausted. Reproduced from Gulati K, Kant K, Findlay D, Losic D. Periodically tailored titania nanotubes for enhanced drug loading and releasing performances. *J Mater Chem B*. 2015;3(12):2553-2559, with permission of The Royal Society of Chemistry, http://dx.doi.org/10.1039/c4tb01882f.**Abbreviations:** p-TNTs, TNTs with periodic structures; TNT, titanium dioxide nanotube.

TNT dimensions affect drug release {#S0005-S2003}
----------------------------------

TNT dimensions exert a significant effect on drug release. Hamlekhan et al[@CIT0063] fabricated a series of TNTs by combining certain voltages (60 V, 70 V, 90 V, 120 V) and certain durations (15 mins, 30 mins, 120 mins) as fabrication conditions. They found that increasing the diameter, length, volume, and aspect ratio could prolong drug release. Among the examined parameters, the aspect ratio was the most important. A high aspect ratio indicated a slow drug release. When the aspect ratio was ≥18, the drug release could last for as long as 1 hr. Otherwise (aspect ratio \<18) the drug was released in 15 mins. Bennett et al[@CIT0064] pointed out that TNTs with higher length carried more drug because of the larger tube volume. However, they also reported that larger diameters resulted in loss of drug during the rinsing step. This shows that there is a bottleneck in the regulation of the drug-loading capacity by simply increasing the dimension or length. Therefore, the development of TNTs with complicated structures is necessary. Shi et al[@CIT0065] divided the applied voltage into two consecutive stages. The first stage maintained a low voltage to prepare the small-diameter upper part, while the second stage was gradually increased to prepare the larger-diameter lower part. Finally, double-layered "pear-shaped" TNTs were obtained. These double-layered TNTs reduced burst release and extended release time by 50% versus TNTs with simple structures, increasing long-term release and reducing toxicity. Similar to the "pear-shaped" TNTs, Zhang et al[@CIT0066] reported that TNTs with a large bottom volume and a small opening mouth allowed the release of antimicrobial peptides for up to 60 days. Gulati et al[@CIT0067] prepared TNTs by periodically changing the anodization voltage ([Figure 4](#F0004){ref-type="fig"}), resulting in narrow-expansion-narrow periodic structures along the nanotubes. The narrowness of this structure prevented loss of the loaded drug during the rinsing steps and reduced the release rate, thus enhancing its long-term antibacterial ability.

Coatings for release control {#S0005-S2004}
----------------------------

Adjustment of the TNT dimensions can prolong drug release; however, this regulation is limited by fabrication methods. Combining TNTs with functional coatings is a good option to achieve zero-order release kinetics.[@CIT0068] Coatings applied to TNTs for the control of drug release are mainly polymers.[@CIT0061],[@CIT0062],[@CIT0069]--[@CIT0071] These coatings can enhance certain capabilities of TNTs due to their intrinsic biological functions.[@CIT0072]--[@CIT0075] There are two ways through which coatings enhance the antibacterial properties, control drug release from TNTs, and regulate the intrinsic antibacterial ability of TNTs. For the control of drug release, coatings reduce the exposure of the loaded drug by covering the openings of the TNTs, thereby prolonging the release and enhancing the antibacterial property of the structure. Coatings such as polymethacrylic acid can form hydrogen bonds with drug molecules and further extend the release time.[@CIT0010],[@CIT0061] Enhancement of the antibacterial ability can also be achieved by the use of antibacterial coatings alone. Notably, coatings composed of several antibacterial materials may exhibit a stronger antibacterial property.[@CIT0076]--[@CIT0078] Mokhtari et al[@CIT0077] mixed two antibacterial materials, namely chitosan (CHI) and 58S bioactive glass, to obtain an advanced antibacterial coating for TNTs. This coating has shown a strong bactericidal ability against various organisms and performed better than CHI alone. Fabricating antibacterial coatings for antibiotic-loaded TNTs can further enhance the antibacterial ability. Feng et al[@CIT0005] covered gentamicin-loaded TNTs with a CHI-gentamicin coating. They found that the coating reduced drug release and increased the total amount of the delivered drug ([Figure 5](#F0005){ref-type="fig"}). Figure 5Drug-mixing coating controls drug loading and release.[@CIT0005]**Note:** (**A**) Schematic graphs of GSCH/NT-GS fabrication. (**B**) The kinetics of drug release. (**C**) Short-term bacterial incubation, (c1) SEM images of NT, TNT-GS, and GSCH/NT-GS with bacteria colonies, (c2) bactericidal activity of TNT, TNT-GS, and GSCH/NT-GS against *S. aureus*, (c3) calculation of bacteria incubated for 4 hrs with or without GS, and (c4) antibacterial ratio of NT, NT-GS, and GSCH/NT-GS against *S. aureus*. Reprinted from *Mat Sci Eng C-Mater*, 62, Feng WC, Geng Z, Li ZY, et al, Controlled release behaviour and antibacterial effects of antibiotic-loaded titania nanotubes, 105-112, Copyright (2016) with permission from Elsevier.**Abbreviations:** NT, titanium nanotubes; GS, gentamicin sulfate; GSCH, coating comprising a mixture of gentamicin sulfate and chitosan; *S. aureus, Staphylococcus aureus.*

Drug molecules need to go through the coatings to reach the surrounding environment, and the coating thickness plays a key role in this process.[@CIT0070],[@CIT0071],[@CIT0079] Wang et al[@CIT0071] used poly(lactic-co-glycolic acid) (PLGA) to cover drug-loaded TNTs, and the duration of release lengthened with the increasing thickness of the coating layers. The one-layer PLGA TNTs could release the drug for 7 days, while the 10-layer could extend the release to 40 days. Furthermore, as the number of layers increased from 0 to 10, the burst release amount decreased from 84.2% to 27.46%, greatly reducing the possibility of drug-related toxicity. However, excessive thickness may excessively retard the release of the drug. Sun et al[@CIT0070] prepared drug-loaded TNTs coated with PLGA (thickness: 50 nm, 250 nm, and 800 nm). The results showed that the 250-nm PLGA TNT yielded the best release kinetics. However, the release observed for the 800-nm PLGA was extremely slow and the drug concentration was excessively low to be effectively bactericidal. Therefore, further research is warranted to determine the optimal coating thickness for long-term antibacterial needs.

Drug delivery via nanocarriers, such as d-α-tocopheryl polyethylene glycol1000 succinate, can achieve simultaneous delivery of multiple drugs, increase the stability of the drug delivered in the body environment, and prolong the duration of release.[@CIT0080]--[@CIT0082] Although this approach is rarely used in antibacterial therapy, it has a high antibacterial application value by carrying different antibacterial agents to achieve multi-mechanism killing. Consequently, it reduces the cytotoxicity caused by the excessive concentration of a single agent. With further research, this multi-drug delivery method may be used for antibacterial purposes in the field of implants.

Doping with other antibacterial agents {#S0006}
======================================

Doping with metal nanoparticles {#S0006-S2001}
-------------------------------

Although the application of antibiotics is a major breakthrough in the field of resisting infection, it eventually leads to the development of drug resistance. The emergence of multidrug-resistant bacteria is a major problem worldwide.[@CIT0056] The use of substitutes of antibiotics and antibacterial peptides is one of the solutions. Metal nanoparticles (MNPs) and their oxides (eg, silver,[@CIT0083]--[@CIT0087] gold,[@CIT0088]--[@CIT0090] titanium dioxide,[@CIT0091] iron oxide,[@CIT0092] and others[@CIT0093]-[@CIT0095]) are antibacterial agents and can be carried by TNTs. These nanoparticles have a high surface-to-volume ratio, and their physicochemical properties are different from those of their bulk materials.[@CIT0016] Studies have shown that MNPs can effectively kill drug-resistant bacteria, and it is difficult for bacteria to develop drug resistance.[@CIT0016],[@CIT0096]--[@CIT0098] In addition, compared with antibacterial peptides and antibiotics, MNPs can endure carrying methods under harsh conditions and permit long-term storage. Thus, they have great potential for commercial application.[@CIT0015]

Ag nanoparticles (AgNPs) are the most widely studied antibacterial agents, with broad-spectrum antibacterial, low cytotoxicity, strong stability, and low possibility of producing resistant strains.[@CIT0015] Their antibacterial mechanisms are mostly ascribed to Ag^+^ release, cell membrane damage, disruption of electron transport, and production of reactive oxygen species to damage bacterial DNA and proteins.[@CIT0016] In this section, AgNPs are used as representatives of MNPs to discuss the enhancement of the antibacterial ability of TNTs. As with drug delivery, limiting the release rate of ions can extend the duration of the antibacterial ability. Different doping methods will directly affect the release rate by determining the AgNP size, distribution, and interaction with the walls. Commonly used loading methods are reduction, magnetron sputtering, electrodeposition, and ion implantation. Figure 6Schematic diagram of PDA-assisted preparation of AgNP-TiO~2~.[@CIT0105]**Note:** (**A**) Process for the preparation of PDA-assisted AgNP-TiO~2~. (**B**) The mechanism of pH-induced dopamine self-polymerization and AgNP synthesis. Reprinted from *Surf Coat Tech*, 320, Xu JW, Xu N, Zhou T, et al, Polydopamine coatings embedded with silver nanoparticles on nanostructured titania for long-lasting antibacterial effects, 608-613, Copyright (2017) with permission from Elsevier.**Abbreviations:** PDA, polydopamine; AgNP, silver nanoparticle.

The reduction method is used to reduce the Ag^+^ to silver in the solution. The TNTs are initially immersed in the Ag^+^ solution, the reducing agents are subsequently added, and the obtained silver is precipitated on the TNTs. By increasing the TNT dimensions, the concentration of Ag^+^ and the reaction time can increase the loading quantity and prolong drug release.[@CIT0099] This reduction method is simple and economical; however, the precipitated silver is not tightly bound to TNTs and can be easily detached.[@CIT0100] Numerous approaches have been developed to tighten the bonds and enhance the long-term antibacterial ability. Photo-assisted deposition is a fast and uniformly distributed doping method. In this process, TNTs are immersed in a silver nitrate solution with or without methanol and subsequently irradiated with UV light to closely bind AgNPs to TNTs.[@CIT0101],[@CIT0102] Wei et al[@CIT0103] reported that this method allowed AgNP-loaded TNTs to maintain a 50% bactericidal rate after releasing Ag^+^ for 50 days. Further modification may also enhance the antibacterial ability. After photo-assisted deposition, Yuan et al[@CIT0104] fabricated a layer of bioactive polyelectrolyte multilayer films of CHI and dialdehyde alginate on the surface of the AgNP-doped TNTs using the spin-associated layer-by-layer technique. This coating significantly reduced the burst release, and the contained CHI also exerted a synergistic effect with Ag^+^ to enhance the antibacterial property. Polydopamine-modified TNTs ([Figure 6](#F0006){ref-type="fig"}) may also prolong the release of Ag^+^. Polydopamine can reduce Ag^+^ to silver nanoparticles and act as a bonding layer to dope silver nanoparticles to TNTs.[@CIT0105] This doping method can effectively reduce the release rate and prolong the release of Ag^+^ up to 28 days.[@CIT0106]--[@CIT0109]

Unlike the reduction method, ions and electrons in the magnetron sputtering method are vertically sputtered from the magnetron target materials. Therefore, AgNPs are directly formed inside the TNTs and are evenly distributed along the tubes with firm bindings. The size, distribution, and loading amount of AgNPs can vary by changing the sputtering parameters, such as input power, sputtering time, and net power. As the reaction time and input power increase, the size and loading amount of AgNPs increase, and a thin film appears on the surfaces of TNTs, resulting in massive burst release.[@CIT0100],[@CIT0110] Uhm et al[@CIT0111] obtained various TNTs doped with spherical AgNPs or thin Ag films by changing the time and input power under the fixed net power ([Figure 7](#F0007){ref-type="fig"}). Compared with the Ag film TNTs, TNTs with spherical AgNPs exhibited lower burst release and maintained their antibacterial ability after 60 days of sustained release. This indicated that altering the shape of AgNPs via regulation of the reaction parameters can enhance the long-term antibacterial ability. Electrodeposition can also uniformly distribute AgNPs on TNTs. AgNP-doped TNTs obtained by pulse electrodeposition could continuously release Ag^+^ for 4 weeks in vivo, consequently enhancing their long-term antibacterial property.[@CIT0112] Also, various kinds of nanoparticles can be simultaneously doped on TNTs via electrodeposition to achieve multiple biofunctions. Numerous studies have shown that silver can be doped together with hydroxyapatite or calcium phosphate by electrodeposition to exhibit both osteogenesis and antibacterial ability. Furthermore, the presence of hydroxyapatite reduces the exposure of AgNPs, thus lowering the release rate of Ag^+^ and further prolonging the antibacterial effect.[@CIT0073],[@CIT0113],[@CIT0114] Figure 7TNTs doped with AgNPs by magnetron sputtering showed increased antibacterial ability.[@CIT0111]**Note:** (**A**) Schematic diagrams of the fabrication of AgNPs by magnetron sputtering. (**B**) TEM and EDS analysis of AgNPs-doped TNTs. (**C**) Release of Ag^+^ from AgNPs-doped TNTs, (c1) the burst release in 20 hrs, and (c2) the long-term release (60 days). Reproduced from *J Biomed Nanotechnol*, Uhm SH, Kwon JS, Song DH, et al, Long-Term Antibacterial Performence and Bioactivity of Plasma-Engineered Ag-NPs/TiO2 Nanotubes for Bio-Implants, 12(10):1890-1906, Copyright (2016) with permission of AMERICAN SCIENTIFIC PUBLISHERS, permission conveyed through Copyright Clearance Center, http://dx.doi.org/10.1166/jbn.2016.2310.**Abbreviations:** AgNPs, silver nanoparticles; TEM, transmission electron microscope; EDS, energy dispersive spectrometer.

AgNPs can be firmly doped on TNTs by the ion implantation method and are often distributed deeply in TNTs with very limited Ag^+^ release. Therefore, the AgNP-doped TNTs exhibit stable, long-term contact antibacterial ability.[@CIT0098],[@CIT0115] The reaction time can change the size and distribution density of the silver nanoparticles. Longer times are associated with higher density, and AgNPs with extremely small or large sizes appear simultaneously.[@CIT0098] The voltage applied to ion implantation determines the distribution of silver inside the TNTs. The distribution of silver deepens into TNTs as the voltage increases. Although the release of Ag^+^ is already limited, the deeper distribution further reduces the release, thus impairing the killing ability of the release. However, the contact killing of AgNP-doped TNTs is characterized by limitations. It can only kill the contact part of the bacterial layer, whereas the upper part of the bacterial and planktonic bacterial layer remains active. Wang et al[@CIT0055] loaded vancomycin on TNTs after ion implantation, which imparts AgNPs-loaded TNTs with the killing ability of the release and effectively enhanced the antibacterial effects.

Doping with non-metallic elements {#S0006-S2002}
---------------------------------

Non-metallic ions can be doped on TNTs to enhance the antibacterial ability. F^−^ are the most common non-metal ions doped on TNTs because they are usually contained in electrolytes and can be directly doped on TNTs by anodization. Therefore, it is important to understand the effect of F^−^ on the antibacterial function of TNTs. Several studies claimed that F^−^ could increase the hydrophobicity of the surface to facilitate bacterial adhesion. In addition, a reduction in the F^−^ contained in TNTs also led to a decrease in bacterial adhesion.[@CIT0116] On the contrary, some studies reported that F^−^ could enhance the antibacterial ability of TNTs. The ions could bind to bacterial enzymes, interfering with the metabolism of bacteria and directly killing them.[@CIT0034],[@CIT0116] Radtke et al[@CIT0049] claimed that TNTs with the highest content of F^−^ exhibited the strongest antibacterial ability. However, the antibacterial ability and possible antibacterial mechanism of F^--^doped TNTs remain unexplored and require further research. Other non-metallic elements have also been used with findings that are more consistent. Liu et al[@CIT0117] doped nitrogen ions on TNTs by ion implantation. The TNT hydrophilicity was increased, leading to improved biocompatibility and antibacterial ability. Of note, the 24-hr antibacterial rate reached 63.1%. However, this antibacterial ability is not proportional to the content of nitrogen ions. Therefore, it is impossible to obtain a stronger antibacterial property by doping more nitrogen ions. Therefore, the antibacterial effect of nitrogen is extremely limited. Carbon can also be used in the antibacterial field. Wang et al[@CIT0118] used graphite as a negative electrode in the anodizing process. The obtained TNTs were annealed afterward at different temperatures to obtain TNT-C with different carbon contents and capacitances. The charged TNT-C achieved a contact antibacterial effect by affecting the electron transfer of bacterial membranes, and the antibacterial ability increased in parallel with the capacitance. However, this type of antibacterial capacitance could only last for a few minutes after power turned off, and did not possess long-term antibacterial ability. At present, the antibacterial ability of TNT doped with non-metallic ions is relatively limited, and further research is warranted to explore this field.

Bacterial self-responsive systems {#S0006-S2003}
---------------------------------

For antibacterial agent-loaded TNTs, the release is triggered by the difference in the concentration gradient. Therefore, the release is initiated at the moment the TNTs are implanted, and the maximum release time is determined by the loading quantity as well as the lowest release rate required for the minimum antibacterial ability. In order to maximize the bactericidal effect with the limited loaded agents, the release should also be well controlled. During infection, the secretion of bacteria and the inflammatory response change the local environment. These environmental changes can be used to trigger the release. These modified TNTs are termed bacterial self-responsive systems.

pH-triggered bacterial self-responsive systems {#S0006-S2004}
----------------------------------------------

The pH of infection sites will decrease because of the metabolism of bacteria, and the acidified surrounding environment is beneficial for their growth and adhesion. Therefore, the variation in pH can be the trigger to control the release of the antibacterial agent.[@CIT0119]--[@CIT0121] Chemical bonds (eg, Schiff base bonds,[@CIT0122] acetal linkers,[@CIT0123] and coordination bonds[@CIT0124]-[@CIT0126]), which are stable under neutral conditions whereas they dissociate at lower pH, are essential in the self-response systems. By fabricating acid-sensitive coatings or simply binding agents to TNTs via these bonds, pH-triggered release retains more agents in the neutral environment, while accelerating release in the acidified environment. Tao et al[@CIT0122] conjugated gentamicin with alginate dialdehyde by a Schiff bond. As the pH decreased, the Schiff bonds were disrupted and accelerated drug release. Xiang et al[@CIT0125] formed a gatekeeper coating by conjugating ZnO quantum dots (QDs)-NH~2~ with folic acid ([Figure 8](#F0008){ref-type="fig"}). This coating dissolved in the acidic environment and showed synergistic antibacterial properties by releasing zinc ions and vancomycin. Under neutral conditions, drug leakage diminished the loaded quantity and induced resistant bacteria. Zhuk et al[@CIT0120] reported that coatings obtained by direct assembly of tannic acid and cationic antibiotics (tobramycin, gentamicin, and polymyxin B) prevented drug release for up to 35 days in a neutral environment and reduced the burst release at lower pH, greatly prolonging the duration of the antibacterial effect. Figure 8Schematic diagrams of the pH-triggered self-response system.[@CIT0125]**Note:** (**A**) The pH-triggered bacterial self-response system. (**B**) Plate images of viable *S. aureus* grown on different samples after 24 hrs of culture. (**C**) The release profile of the drug from the system with different pH, (c1) release for 24 hrs, and (c2) release for 16 d. Reprinted from *Mat Sci Eng C-Mater*, 85, Xiang YM, Liu XM, Mao CY, et al, Infection-prevention on Ti implants by controlled drug release from folic acid/ZnO quantum dots sealed titania nanotubes, 214-224, Copyright (2018) with permission from Elsevier.**Abbreviations:** TNTs-Van, vancomycin-loaded TNTs; TNTs-Van\@ZnO-FA, vancomycin-loaded TNTs that covered with ZnO quantum dots (QDs)-NH2 and folic acid conjugated coating; DMSO, dimethyl sulfoxide; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride.

Temperature-triggered bacterial self-responsive systems {#S0006-S2005}
-------------------------------------------------------

The occurrence of infection causes an inflammatory reaction that increases the local temperature to \>38°C.[@CIT0127] This significant change in body temperature may be a trigger for the self-response system. Cai et al[@CIT0127] prepared a temperature-controlled release hydrogel coating using a mixture of N-isopropylacrylamide and acrylamide ([Figure 9](#F0009){ref-type="fig"}). The results showed that approximately 70% of the drug was released at 38°C in 8 days. Notably, the released amount at 25°C was 20%. The mechanism of temperature-controlled release is that the coating displays a highly water swollen state when the surrounding temperature is \<38°C, and its volume is sufficiently large to block the opening of the TNTs and prevent drug release. When the temperature is \>38°C, the coating displays a collapsing state and the volume is reduced. Consequently, the drug can be released from the TNTs, and the initial burst release is restricted due to the presence of the collapsing coating. Although further improvement is necessary to guarantee the elimination of the drug leakage at lower temperatures, the temperature-based self-response system shows good potential for antibacterial application.

Enzyme-triggered bacterial self-responsive systems {#S0006-S2006}
--------------------------------------------------

Enzymes produced by bacteria can also be used to trigger self-response antibacterial ability. Hyaluronic acid is an antibacterial agent and can inhibit the early stage adhesion of bacteria. Hyaluronic acid can be degraded by hyaluronidase (HAase) secreted by bacteria.[@CIT0128]--[@CIT0130] Yuan et al[@CIT0131] coated a gentamicin-loaded TNT with catechol-functionalized dopamine-modified hyaluronic acid and 3,4-dihydroxyhydrocinnamic acid-modified CHI ([Figure 9](#F0009){ref-type="fig"}). This system achieved its antibacterial ability through the dual effects of anti-adhesion and enzyme-controlled release of antibiotics. When the samples were placed in solutions with different concentrations of HAase, the release rate increased with higher concentration. Their subsequent experiments in vitro and in vivo showed that the system was sensitive to the HAase concentrations produced by bacteria and showed self-responsive antibacterial ability.

External stimuli, such as radiofrequency, magnetic field, and ultrasound may also trigger drug release. However, this delayed release does not prevent infection in time.[@CIT0010],[@CIT0132] In contrast, the self-responsive system can rapidly release antibacterial agents in the early stage of infection and has great potential for application in implants. Nevertheless, there are limitations to be overcome. Low drug concentration, as the result of sustained release in a non-bacteria environment, consumes drug reserves and increases the possibility of developing drug-resistant bacteria. Therefore, it is essential to eliminate drug leakage during non-infection periods. In addition, implants may be challenged by infections multiple times; hence, one-time drug release is insufficient. The ideal drug release should be terminated after the infection is eliminated until the subsequent stimulus occurs. In summary, TNT platforms that possess self-responsive antibacterial ability with multiple release are the direction for future research. Figure 9Schematic diagram of the temperature-triggered self-response system and enzyme-triggered self-response system.[@CIT0127],[@CIT0131]**Note:** (**A**) Schematic diagram of the temperature-triggered bacterial self-response system,[@CIT0127] (a1) drug-loaded titanium nanotube with hydrogel coating, and (a2) scheme for the synthesis of temperature-sensitive coating. (**B**) Enzyme-triggered bacterial self-response system, (b1) fabrication and mechanism of the system, (b2) depiction of the implantation procedure of in an infected animal model, (b4) plate images of *S. aureus* detached from (**A**) Ti and (**B**) system, diluted 10 times, and cultured for 18 hrs, (b4) SEM images of bacteria adhesion, 1 month after implantation,[@CIT0131] (**A**) and (**B**) Ti, (**C**) and (**D**) TNT@-LBLc. Scale bar =100 µm for (**A**) and (**C**), scale bar =10 µm for (**B**) and (**D**), and (b5) total number of surviving bacteria, \*\**P*\<0.01. (**A**) Reprinted from Cai KY, Jiang F, Luo Z, Chen XY, Temperature-Responsive Controlled Drug Delivery System Based on Titanium Nanotubes. *Adv Eng Mater,* 2010;12(9):B565-B570, with permission from John Wiley and Sons. (**B**) Reproduced from Yuan Z, Huang SZ, Lan SX, et al. Surface engineering of titanium implants with enzyme-triggered antibacterial properties and enhanced osseointegration in vivo. *J Mater Chem B.* 2018;6(48):8090-8104, with permission of The Royal Society of Chemistry, http://dx.doi.org/10.1039/c8tb01918e.**Abbreviations:** LCST, lower critical solution temperature; APS, ammonium persulfate; TEMED, N,N,N',N'-tetramethylethylenediamine; *S. aureus, Staphylococcus aureus*; Van, vancomycin; LBL, layer by layer technique; Chi-c, chitosan-catechol; HA-c, hyaluronate-catechol; TNT\@Van-LBLc, vancomycin-loaded TNTs that covered with chitosan-catechol coating via layer by layer technique.

Perspectives {#S0006-S2007}
------------

Fabrication methods are important for the exploration of the application of materials. Larger dimensions have consistently been the goal throughout the development of TNT fabrication. The precise regulation of morphological parameters, such as tube gaps, wall thickness, and crystal forms, cannot be simultaneously achieved. This greatly hinders the exploration of the optimal morphology for biocompatibility and antibacterial ability. Therefore, the fabrication method should also focus on the precise details. Further research for the improvement of antibacterial ability should focus on enhancing the long-term bactericidal ability and reducing toxicity. The TNT morphology should be explored to maximize its antibacterial properties by achieving the optimal balance between the contact antibacterial property and control of drug release. In addition, coatings should be characterized by improved immunocompatibility and less toxicity. Additionally, the suitable thickness and degrading rate of coatings should be investigated for better control of release. Furthermore, the self-response system should be more sensitive to infection indicators. Leakage of the antibacterial agent during non-infection periods must be terminated to fortify the long-term antibacterial property of the structure. When the bacteria are eliminated, the drug release should be arrested until the subsequent infection occurs. This will ensure multiple releases during the long-term prosthesis treatment. Different infection indicators, such as other enzymes secreted by bacteria, may also be considered as targets of the self-response system. Furthermore, the development of multiple-release self-response systems obtained by combining release-control structures and bacterial-sensitive coatings will be an important advancement in antibacterial application.

For the clinical application of these structures, further systematic research studies are required to measure and strengthen the biocompatibility, reduce long-term toxicity and wear resistance, and prolong the duration of the antibacterial ability and longevity. Finally, more animal research studies are warranted prior to conducting clinical trials.

Conclusion {#S0007}
==========

At present, the prevention and treatment of postoperative prosthesis infection remain a clinical challenge. Fortunately, the emergence and development of TNTs provide a possible solution. With the fabrication advancement, large-sized and complex-structured TNTs have been manufactured with the ability to carry drugs and control their release. Bare TNTs show convincing antibacterial properties and the optimal antibacterial diameter remains to be determined. Reducing burst release and toxicity is critical for the release-killing antibacterial ability. Coatings with intrinsic antibacterial ability and appropriate thickness can achieve an ideal antibacterial effect. Moreover, doping methods determine the distribution and release of nanoparticles. Combining doping methods with special structures or coatings can further enhance long-term antibacterial ability. Chemical bonds and coatings sensitive to bacterial stimuli can be combined with TNTs, these self-response systems can automatically respond to infection in the early stage. Future research should focus on enhancing the long-term antibacterial properties, especially the control of antibacterial agent release.
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